Gene transcription by RNA polymerase II requires the multiprotein coactivator complex Mediator. Mediator was identified two decades ago, but its molecular mechanisms remain poorly understood, because structural studies are hampered by its large size, modularity, and flexibility. Here we collect all available structural data on Mediator and discuss their functional implications. Progress was made in understanding the interactions of Mediator with gene-specific transcriptional regulators and the general transcription machinery. However, around 80% of the Mediator structure remains unknown and details on the Mediator-Pol II interface are lacking. In the future, an integrated structural biology approach may unravel the functional architecture of Mediatorregulated promoter assemblies and holds the promise of understanding a key mechanism of gene regulation.
Introduction
In eukaryotes, the regulation of gene expression underlies fundamental biological processes such as cell differentiation, organism development, and biodiversity [1] . A major regulatory target during gene expression is the synthesis of messenger RNA (mRNA) by RNA polymerase II (Pol II). Large coactivator complexes integrate regulatory signals from positive and negative transcription factors and activate or repress transcription [2] . The central coactivator complex Mediator is required for transcription of most, if not all, protein-coding genes. It bridges between gene-specific transcription factors bound to regulatory DNA elements and the general Pol II machinery at the core promoter [3] [4] [5] (Figure 1 ). Mediator is required for the function of many medically important human transcription regulators, including hormone receptors, vitamin D receptor, and p53 [6, 7] . Mutations in Mediator have been linked to human diseases, including cancer, cardiovascular diseases, metabolic and neurological disorders [8] .
In the yeast Saccharomyces cerevisiae, Mediator has a total molecular weight of over 1 MDa and comprises 25 subunits. Five additional subunits were identified in metazoans. Based on electron microscopy (EM) [9] [10] [11] , biochemical studies [12] and gene expression profiling [13] , Mediator subunits were suggested to reside in four modules, the head, middle, tail, and kinase modules. The modular architecture and subunit composition is conserved from yeast to humans (Table 1 ) [14] . Over the past decade, structural and functional studies in several laboratories have contributed to the understanding of Mediator. Here we provide a complete collection of structural data on Mediator, but focus on recent structural advances and their implications on Mediator architecture and function.
Structural studies of Mediator
The size, intrinsic flexibility, low abundance, and heterogeneity of Mediator have thus far prevented high-resolution structure determination of the complete complex. However, the entire Mediator could be studied by EM at low resolution (Table 2 ). In addition, several Mediator subunits and subcomplexes were resolved by X-ray crystallography at high resolution. At present, 13 Mediator subunits have been structurally characterized at an atomic level at least partially (Table 3, Figure 2 ). These studies often relied on extensive engineering and trimming of subunits or subcomplexes, to overcome experimental difficulties owing to intrinsic flexibility or necessary cofolding with interacting subunits. The highly conserved head module, which interacts with the general Pol II machinery, is best characterized, whereas the tail module, which interacts with gene specific transcription factors, is least characterized.
latter are predicted to occur in additional subunits and thus represent a common building block that has been multiplied and functionally diversified during Mediator evolution [16 ] . Several of the structurally characterized subcomplexes represent functional submodules that are connected to the rest of the Mediator through flexible linkers [17 ,18] . Despite these new studies, still less than 20% of the total Mediator structure is presently known at atomic resolution.
Advances in recombinant co-expression of larger Mediator subassemblies in bacteria or insect cells have enabled preparation and structural studies of entire Mediator modules. Recombinant head module was obtained after co-expression of the subunits in insect cells, and was first studied by EM at low resolution [19] . Recently, a 7-subunit partial backbone model of the head module was derived by X-ray crystallography at 4.3 Å resolution [20 ] . This model comprises 60% of the total head module, revealing the topology and interaction network between its subunits. The atomic model of Med18/Med20 [15] was placed into the medium-resolution electron density [20 ] . The recent atomic structure of the Med11/Med22 heterodimer [16 ] can now also be docked into the head module density. This docking indicates that the two N-terminal helices in Med11 have to be swapped and that the register in the Med22 Nterminal helix has to be adapted in the published backbone model (L Lariviè re et al., unpublished). The middle module was obtained after co-expression of the subunits in E. coli, and its elongated shape and subunit interactions were revealed by small-angle X-ray scattering and ionmobility and native mass spectrometry [21] . A low-resolution model of the free kinase module was obtained by EM [22] . Despite these advances, atomic structures of Mediator modules and information on the intermodular interactions are still lacking.
Interactions with gene-specific transcriptional regulators
Several studies identified Mediator subunits that are contacted by gene-specific transcriptional regulators [7] . Interactions usually occur between transactivation domains (TADs) in the transcriptional activator and activator-binding domains (ABDs) in Mediator. The interactions are generally weak, in the micromolar range complex. This intrinsic conformational flexibility allows TADs to use distinct interaction modes to adapt to unrelated target surfaces.
In addition to recruiting Mediator to target genes, activator binding triggers large-scale structural rearrangements in metazoan Mediator. Consistent with this, a flexible hinge was revealed in the middle module subcomplex Med7/Med21 [32] . Conformational changes in Mediator are thought to promote interaction with Pol II and with other factors to activate transcription. The effects of various activators on Mediator structure have been studied by EM (Table 2 ). Binding to different activators seems to generate different rearrangements, potentially allowing for the recruitment of a different subset of factors [4,33 ,34] . A common feature is the formation of a binding pocket for Pol II [33 ,35,36] .
Interactions with the general Pol II machinery
Saccharomyces cerevisiae and Schizosaccharomyces pombe Mediator complexes were first isolated together with Pol II in so-called holoenzymes, suggesting a direct Mediator-Pol II interaction [37] [38] [39] . A recent crosslinking
Mediator structure Lariviè re, Seizl and Cramer 307 study supported the direct interaction and demonstrated its requirement for Pol II transcription [40 ] . Although human Mediator and Pol II can be co-immunoprecipitated, the human Mediator-Pol II complex cannot be purified in large quantities directly from cells and thus has to be assembled in vitro (personal communication C Bernecky, [41 ] ). Different Mediator-Pol II complexes were investigated by EM (Table 2) [10,19,41 ,42] . A common feature of yeast and human Mediator-Pol II complexes is a large structural change in Mediator upon Pol II binding. While EM reconstructions of free yeast and activator-bound human Mediator are similar [43] , the various holoenzyme reconstructions differ (Figure 3) .
Fitting of the Pol II X-ray structure into the cryo-EM reconstructions led to different locations and orientations of Pol II within the holoenzyme (Figure 3 ). In the Saccharomyces cerevisiae complex, Pol II was placed such that its Rpb3/Rpb11 subcomplex faces Mediator, but in two different orientations that differ by an approximately 90-degree rotation [10, 43] . By contrast, Pol II was placed into an EM reconstruction of the human holoenzyme such that Mediator binds the Rpb2 side of Pol II at the lobe and protrusion domains, and the Rpb3/Rpb11 side is free [41 ] . Similarly, the Mediator kinase module was reported to adopt very different positions on human and fission yeast Mediator [22, 42] . This led to different conclusion, namely that the kinase module either prevents Pol II binding through steric hindrance or through an allosteric mechanism [41 ,42] . The differences in Pol II and kinase module position could be due to the low resolution, but also due to limited sequence conservation in Mediator or to the presence of additional factors in holoenzyme preparations, like TFIIF in the case of the human complex.
Mediator not only interacts with Pol II, but also with general transcription factors, expanding its role in stabilizing the pre-initiation complex on the promoter. First hints on an interaction with TFIIH came from early experiments that showed that Mediator can stimulate the Pol II C-terminal domain kinase activity of TFIIH [37] . Later, it was reported that Mediator directly binds TFIIH through the head subunit Med11 and can recruit it to the promoter, even in the absence of Pol II [44] . It was recently shown that the Med11/Med22 heterodimer exhibits a conserved surface that may mediate this interaction [16 ] . Interaction of TBP with the Mediator head module Atomic structures of Mediator subcomplexes. All currently available crystal and NMR structures (see Table 3 ) are shown indicating the respective locations within Mediator. In addition, the crystallographic backbone model of the complete S. cerevisiae head module is depicted [20 ] .
was reported [12, 45] , and was shown later to occur at least partially through Med8 [15] . This is consistent with a recent EM study of a Mediator head-TBP complex [19] . In higher eukaryotes, an interaction between Mediator subunit Med26 and TFIID was recently identified [46] . These data suggest that Mediator stabilizes the preinitiation complex at the core promoter by tethering Pol II to TBP, TFIIH and TFIID.
Conclusions
Over the past decade, efforts in several laboratories and the application of different structural biology techniques have advanced our understanding of Mediator structure and function. However, most of the Mediator structure is still unknown and it is still unclear how Mediator interacts with the Pol II initiation complex and which structural transitions it may influence during transcription initiation. These points can probably only be addressed with an integrated structural biology approach that combines classical techniques such as cryo-EM, X-ray crystallography, and nuclear magnetic resonance with new technologies such as Fö rster resonance energy transfer and mass spectrometry-based mapping of chemical crosslinks. Such an approach poses a formidable challenge for the next decade. But it holds the promise of understanding key aspects of the mechanism of gene regulation.
